Lung components were analysed and dynamic pulmonary compliance was determined in 10 young healthy female subjects and seven adult male patients with bronchial obstruction. In normal subjects with a single ventilatory component (by multiple breath nitrogen washout method) a change of respiratory frequency did not affect dynamic lung compliance. Other normal subjects had two ventilatory components; in them and in the patients with bronchial obstruction, an increase of respiratory frequency decreased dynamic pulmonary compliance. A change of respiratory rate caused a greater change of dynamic lung compliance in the patients with bronchial obstruction than in normal subjects with two-component lungs. The results indicate that frequency-dependence of compliance and non-uniform distribution of inspired gas are caused by a similar mechanism. Inequality of regional time constants may be an important factor in this mechanism. The data also show that a decrease of dynamic lung compliance by more than 20% at a respiratory rate of 80 to 100 breaths/minute may be indicative of lung disease with obstruction.
Lung components were analysed and dynamic pulmonary compliance was determined in 10 young healthy female subjects and seven adult male patients with bronchial obstruction. In normal subjects with a single ventilatory component (by multiple breath nitrogen washout method) a change of respiratory frequency did not affect dynamic lung compliance. Other normal subjects had two ventilatory components; in them and in the patients with bronchial obstruction, an increase of respiratory frequency decreased dynamic pulmonary compliance. A change of respiratory rate caused a greater change of dynamic lung compliance in the patients with bronchial obstruction than in normal subjects with two-component lungs. The results indicate that frequency-dependence of compliance and non-uniform distribution of inspired gas are caused by a similar mechanism. Inequality of regional time constants may be an important factor in this mechanism. The data also show that a decrease of dynamic lung compliance by more than 20% at a respiratory rate of 80 to 100 breaths/minute may be indicative of lung disease with obstruction.
The relationship between frequency-dependence of lung compliance and the distribution of inspired gas in the lungs has been the subject of several previous studies (Otis et al., 1956; Defares and Donleben, 1960; Ingram and Schilder, 1968) . Frequency-dependence of compliance occurs in patients with airway obstruction (Channin and Tyler, 1962; Takishima et al., 1967; Grimby et al., 1968; Mead, 1969a; Woolcock, Vincent, and Macklem, 1969) . Its occurrence in healthy persons is considered to be undetectable between the frequency of 0 and 90 breaths/minute (Mead, 1969a) . Otis et al. (1956) failed to find the phenomenon in their healthy subjects; others (Butler, White, and Arnott, 1957; Defares and Donleben, 1960) found it in only a few normal persons. Mills, Cumming, and Harris (1963) found it in all their subjects but only during breathing at low lung volume levels. Albright and Bondurant (1965) found frequency-dependent compliance in all their nine normal subjects. Frank, Mead, and Ferris (1957) studied nine healthy elderly adults and consistently found a small decrease in pulmonary compliance with increasing frequency. In nine normal young adults, Peslin, Saunier, Lacoste, and Sadoul (1961) , found mean elastance of 4-2, 5-31, 7-1, and 11 cm H20/litre at 0 to 10, 10 to 20, 20 to 30, and >30 breaths/min respectively. In the data published recently by Woolcock et al. (1969) , four of their normal subjects showed a more than 10% decrease of pulmonary compliance when respiratory frequency was increased.
According to the theory of Otis et al. (1956) , frequency-dependence of compliance implies the presence of at least two lung compartments with different time constants. They pointed out that this does not imply that ventilation is uniformly or non-uniformly distributed at a given breathing rate; however, it does imply that the distribution of ventilation alters with increasing breath rate.
However, if the factors which lead to nonuniformity of mechanical time constants are the same ones which cause non-uniformity of ventilation, there ought to be some relationship between the finding of non-uniform gas distribution and that of frequency-dependence of compliance. In healthy persons, the washout of nitrogen from the lung during oxygen breathing behaves either according to a single exponential 721 function or according to the sum of two exponential functions (Fowler, Cornish, and Kety, 1952; Briscoe and Cournand, 1959; Bouhuys, 1963) . The latter finding is presumably evidence of nonuniform distribution of inspired gas, and indicates the existence of at least two different unequal ventilation/lung volume ratios in the lungs. Using this definition of non-uniform ventilation, we have attempted to demonstrate a relation between non-uniform ventilation and frequency-dependence of compliance in healthy subjects and patients with airway obstruction.
SUBJECTS AND METHODS
The 10 healthy subjects in the present study were junior high school girl students, were non-smokers, and were randomly selected from a group of 102 healthy female subjects who took part in a study on nitrogen washout curves. In addition, seven patients with clinical evidence of obstructive lung disease were studied. Some of their physical characteristics and the results of standard lung function tests are shown in Table I .
The nitrogen washout method, with graphical analysis according to Fowler et al. (1952) and endtidal sampling according to Bouhuys, Hagstam, and Lundin (1956) , was used to measure the distribution of inspired gas in the lungs. Nitrogen washout was continued for 7 minutes. The flow and negative pressure used for sampling were kept constant. Ventilation was measured by a kymograph attached to a Tissot spirometer. Subjects who showed variation of ventilation during the experiment were excluded from the study. To obtain a final alveolar nitrogen concentration a forced expiration was made at the end of each run. This value was used in calculating the functional residual capacity (FRC) (Darling, Cournand, and Richards, 1940) and the index of intrapulmonary mixing (IIPM) (Darling et al., 1940) .
Lung compliance was obtained from recordings of transpulmonary pressure, using an oesophageal balloon, air flow rate and tidal volume (Mead and Whittenberger, 1953) . In testing the frequencyresponse of apparatus used in this study, the presence of the instrumental phase shift described in the paper of Mills et al. (1963) was followed, and our results were quite similar to theirs. Frequencies up to 100 minute and flow rates covering the range used under experimental conditions were shown to produce no phase shift. Volumes were integrated from flow signals. It was demonstrated that the delay and phase shift within the integrator were unmeasurable by the technique used. Air flow rate was measured with a screen type pneumotachograph; tidal volume was obtained by integration of flow. All three signals (pressure, flow, and volume) were recorded on a photographic recorder, v. time. Dynamic lung compliance (Cdyn(l) ) was first measured at the spontaneous resting breathing rate, and then at rates of 40, 60, 80, and 100 breaths per minute. During the runs at increased breath rate, tidal volume was visually monitored on an oscilloscope by the subject and was similar to the measurements obtained at a were calculated from the mean of at least 10 respiratory cycles. Immediately before each run, the subject was asked to inhale fully to total lung capacity and then to exhale to normal resting level to eliminate any effect of lung volume history. In all subjects, nitrogen washout and compliance studies were done during the same session and with the subject in the same position , i.e., seated in the erect position and with the hands on a stand. The standard spirometric tests (Kory, Callahan, Boren, and Syner, 1961) were done with a 13-5 litre Collins spirometer.
RESULTS
HEALTHY SUBJECTS In, four subjects, the nitrogen washout graphs resulted in a single exponential function within the limits of accuracy of the graphic analysis; six others had nitrogen washout graphs which could be described as the sum of two or three exponential functions. At resting breathing rates values for CdYl(1) were similar in both groups. However, at high rates, compliance decreased in the subjects with double exponential washout curves (Table II, Fig. 1 B) , whereas it remained nearly constant throughout the range of breathing rates in the four subjects whose nitrogen washout curves were single exponential function (Table II, Fig. IA) . PATIENTS WITH AIRWAY OBSTRUCTION In patients with bronchial obstruction, graphic analyses of nitrogen washout resulted in two or three exponential functions. In these patients, CdY,(l) decreased with increasing breathing rate, and the extent of the decrease was larger than in the healthy female subjects with double exponential washout curves (Table II, Fig. IC) . DISCUSSION An increase of breathing rate did not affect dynamic lung compliance in subjects whose nitrogen washout curves were described by a single exponential function. On the other hand, subjects whose nitrogen washout curves consisted of the sum of two exponential functions all had a decrease of dynamic lung compliance with increasing breathing rate. This was true for healthy girls as well as for the patients with bronchial obstruction. The latter group had a larger degree of non-uniform distribution of inspired gas. Indices of intrapulmonary gas mixing (Darling et al., 1940) were greater than 2 5% in all patients (Table I) group.bmj.com on June 19, 2017 -Published by http://thorax.bmj.com/ Downloaded from pliance decreased more with increasing rate than in the normal subjects with double exponential washout curves (Fig. 2) . A decrease of lung compliance with increasing breathing rates has been explained by Otis et al. (1956) on the assumption that such lungs consist of a number of pathways from the alveo'i to the airway opening with an inequality of time constants. The present data suggest that lungs which behave in this way also demonstrate non-uniformity of the distribution of inspired gas at rest, i.e. different ventilation/lung volume ratios. This supports the notion that the mechanism which causes regionally unequal time constants, i.e., local differences in compliance and/or resistance in different lung units, is also responsible for regionally differing ventilation/volume ratios. It has recently been suggested by Cumming, Crank, Horsfield, and Parker (1966) that stratified inhomogeneity of gas in peripheral lung units may contribute more to non-uniform distribution of inspired gas than has been thought previously. However, if one assumes that, in the present subjects, particularly in healthy ones, non-uniform distribution was the result of the mechanism of 'stratified inhomogeneity', it is difficult to explain why there should be a correlation between nonuniform gas distribution and frequency-dependence of compliance. Defares and Donleben (1960) found four out of 100 normal subjects in whom lung compliance was frequency-dependent, and in these same four subjects, nitrogen washout was by a single exponential washout curve. This appears, therefore, to be a relatively rare finding. It is quite clear that in individual cases a slight degree of non-uniform gas distribution may not be resolved by the graphic analysis of the washout curve. It seems possible that in such cases calculation of the mean halftime and its standard deviation from the washout data (Van Liew, 1962 , 1967 Woolcock et al. (1969) have suggested that a fall of CdYn(l) to less than 80% of the static value at the high frequency might be considered peripheral airway obstruction. They reported such frequency-dependence in patients with obstructive lung disease but with nearly normal routine lung function data. However, we find a similar frequency-dependence, albeit less pronounced, in some healthy subjects. Our data also suggest that a decrease of dynamic lung compliance by more than 20% of the control value at a rate of 80 to 100 breaths per minute may be indicative of airway obstruction (Fig. 2) , but this estimate is based on a small number of subjects. Since Otis et al. (1956) did not find frequencydependence of dynamic lung compliance in six healthy subjects it has usually been assumed that frequency-dependence of compliance occurs only in diseased lung. Recently, Mead (1969b) pointed out that the time constant of the lung is so short compared to the period of a quiet breathing cycle that it should not be responsible for the distribution of ventilation. It seems that the data obtained in this study present evidence that the factors leading to non-uniformity of time constants are the same as those which cause non-uniformity of ventilation. Therefore, further study of the phenomenon in larger groups of adult healthy subjects, along with nitrogen washout curves to demonstrate the presence or absence of non-uniform gas distribution, appears necessary to settle this ques- 
